hep-ph/021032C 
OSU-HEP-02-13 
October, 2002 



Orbifold Breaking of 3-3-1 Model 

Ilia Gogoladze^, Yukihiro MimuraQ and S. NandiQ 

Physics Department, Oklahoma State University, Stillwater, OK 74078 



Abstract 

We study the five dimensional SU{3)c x SU{3)l x U{1)x gauge theory (3-3-1 Model) 
in which the gauge symmetry is broken down through orbifold compactification to four 
dimensions. The new model has several distinguishing features compared to the usual four 
dimensional model. We develop the formalism, and give expressions for the gauge boson 
masses, mixings and their couplings to the fermions. Phenomenology of the model is briefiy 
studied. 
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1 Introduction 



The Standard Model (SM) in four dimensions has been weU estabhshed as an effective theory 
below the weak scale. There have been many attempts to go beyond the SM. One attempt 
is the extension of the gauge group, while the other being the extension of the number of 
dimensions beyond the usual four space-time as motivated by the string theory. 

In four dimensions, as an extension of the gauge group, models of SU{3) x SU{3)l x 
U{l)x (3-3-1 model) were suggested The models include extra gauge bosons, which 
are called bilepton gauge bosons. The gauge bosons couple to two leptons, and thus, they 
have two units of lepton number. The interesting feature of this model is that the anomaly 
is not canceled within each generation, and that the anomaly is canceled among the three 
generations. Thus, this model gives an explanation why the number of generation is 3. 
Unlike other extended models, the breaking scale of the SU{3)l x U{1)x have an upper 
bound about a few TeV due to the matching condition of the gauge coupling constants. 
Hence, it is very interesting to investigate the phenomenology of this model and to explore 
if the extra gauge bosons can be discovered (or ruled out) in the future high energy colliders 
such as LHC. 

Recent realization that the string scale may be much smaller than the Planck scale, even 
as low as few tens of TeV, has inspired study of gauge symmetry in higher dimensions with 
the subsequent compactification to four dimension 0, ^. Standard Model and its minimal 
supersymmetric extension has been formulated in five dimensions with compactification at 
an inverse TeV scale and their phenomenological consequences have been explored ^ . In 
these studies, the usual Higgs mechanism has been used to break the gauge symmetry. 

Compactification of this higher dimensional theory to four dimensions using a suitable 
manifold or orbifold, and choice of suitable boundary conditions, opens up a new mechanism 
for breaking gauge symmetry 0, an interesting alternative to the usual Higgs mechanism. A 
symmetry breaking occurs when the different components in a multiplet of the gauge group G 
is assigned different quantum number for the discrete symmetry group of the compactifying 
orbifold 0]. Such orbifold breaking of SU (5) and 5*0(10) Grand Unified Theories (GUT) and 
their implications as well as the symmetry breaking patterns of various group under orbifold 
compactifications have been studied |^. In these studies, orbifold compactifications have 
been used to break the GUT symmetry to the SM. Orbifold compactification has also been 
used to break left-right gauge symmetry group giving rise to interesting phenomenological 
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implications ||T0 . 



In this work, we study the SU{3)l x U{1)x gauge theories in five dimension. The gauge 
symmetry is broken to SU{2)l x U{1)x' x U{1)x upon compactification on a /Z2 x Z'2 
orbifold. This is one of the minimal application of the orbifold breaking of a realistic gauge 
model. The next stage of symmetry breaking to the SM, SU{2)l x f/(l)y is achieved by 
using usual Higgs mechanism. We assume the gauge and the Higgs bosons propagate into 
the extra dimensions, while for the fermions we consider two cases: they can propagate 
into the bulk or they are localized at the 4 dimensional wall (3-brane). There are several 
interesting differences with the usual four dimensional 3-3-1 model. The most important 
qualitative differences are that the bilepton gauge bosons are Kaluza-Klein (KK) excited 
states, while the extra neutral gauge boson have KK zero mode, thus the mass of the neutral 
gauge boson is less than the mass of biletons, contrary to the 4 dimensional models. Thus 
the neutral gauge boson, Z\ can have larger contribution to the low energy neutral current. 
In the usual 4 dimensional 3-3-1 models, gauge coupling for U{l)x blows up around 3-4 
TeV, thus we need some new physics around such scale. The scheme of the TeV scale extra 
dimension is well compatible to such situation, since the theory becomes five dimensional 
beyond this scale. In the same way to the usual 4 dimensional 3-3-1 models, we find that the 
compactification scale has an upper bound around 3-4 TeV. Thus, these new gauge bosons 
as well as their KK excitations can be explored at the upcoming LHC 

2 Formalism: Orbifold breaking of 3-3-1 gauge sym- 
metry 

We start with the 5-dimensional {x^,y) gauge theory SU{?>)l x U{l)x with coupling g, gx- 
The fifth space-like dimensional coordinate y is compactified in an orbifold /Z2 x The 
orbifold is constructed by identifying the coordinate with Z2 transformation y ~y and 
Z2 transformation y' —y', where y' = y + ttR/2. Then the orbifold space is regarded 
as a interval [0,7ri?/2] and 4 dimensional wall are placed at the folding point y = and 
y = nR/2. 

Using the orbifold compactification, we break the gauge symmetry to SU{2)l x U(1)x' x 
U{l)x- We impose the following transformation property for the five dimensional SU{'i)L 
gauge fields under Z2 x 

ly^(x^y) W^{x^',-y) = PW,{x^',y)P-\ (1) 



W,ix^,-y)^-PW,ix^',y)p-\ 



W^{x^,-y')=P'W,{x^',y')P 



/-I 



W,{x'',-y') = -P'W,{x'',y')P 



/-I 



(2) 
(3) 
(4) 



Note that the five dimensional Lagrangian is invariant under the above transformations. We 
choose P — diag(l, 1, 1), P' — diag(l, 1, —1). For the U{l)x and SU{3)c gauge fields, we 
choose the P and P' to be identity matrix, so that U{l)x and SU{3)c gauge symmetries 
remain unbroken. 

The five dimensional SU{3)l gauge filed W can be written as 

/ W'^ + j^W^ V2W+ V2Y++ \ 

^ V2Y— ^/2Y 
Then, we find that the gauge fields have following parities under Z2 x 

w;,w',,w^ :{+,+) , y±,i;±± :(+,-), 
wi^wlw,"^ :{-,-) , :(-,+). 



(5) 



(6) 
(7) 



n-,-)i^''^y) = 



The above five dimensional fields can be Fourier expanded as 

/ O / CO 

(^ji)^)(x'') + V2^(^g^)(a;'^)cos 
^^""^ {x^)cos 



TlR 

r\ 00 
\ ^ 



n=l 

(2n - \)y 



R 



^(^g^^(x'^)sin 

n=l 

CXD 

(' 



2 



'-kR „=i 

.(0) 



R 

. (2n-l)y 



)(x-)sin^. 



(8) 

(9) 
(10) 

(11) 



We find the four dimensional fields and have masses 2n/i?, while and 



^^{^1 have masses (2n— 1)/-R. Only _|_) is massless. Thus wc find that the 4 dimensional 
bilepton gauge bosons F^, Y^^ do not have massless modes, while W^^, and have 
massless modes, hence, the SU (3)^ symmetry is broken down to SU {2)lxU (l)x' symmetry 
in 4 dimension. 

We break the remaining symmetry to the SM gauge symmetry, SU (2)^ x C/(l)y , by using 
the Higgs mechanism. The SM gauge symmetry is also broken down to U{1)em by Higgs 
mechanism as usual. The appropriate Higgs multiplets for this scenario are 



(1,3,1), A: (1,3,0), A': (1,3,-1), 771(1,6,0), 



(12) 



where the quantum numbers in parenthesis refer to SU (3)c x SU (3)l x C/(l)x representations. 
We define their transformation property under Z2 

^x^,y) ^ $(x^-|/) = P$(a;^|/), (13) 

$(x^yO ^ = (14) 

Aix^,y) ^ Aix^,-y)^PAix^,y), (15) 

A{x^,y') ^ A(a;^-|/') = P'A(a;^|/'), (16) 

A'(x^y) ^ A'(x^-y) = PA'(x^t/), (i?) 

A'(x^yO ^ A'(x^-yO = ^'A'(x^yO, (18) 

r/(a;^|/) ^ r/(a;^ -|/) = Pr/(x^ l/)p-\ (19) 

r^(a;^|/') ^ r;(a;^ -y') = -^'r/(a;^ y')^'"'- (20) 

The SU{3)l triplets and sextet are decomposed to SU{2)l x U{1)x' as 3 = (2, 1) + (1, -2) 
and 6 = (3,2) + (2,-1) + (1,-4). The decomposed fields have the following Z2 x Z'^ 
transformation property: 

$i,A2,A'2,r?2 : (+,+) (21) 

$2, Ai, a;, 773, 771 : (+,-) (22) 

where the suffix denotes SU{2)l representations. Thus, while $2 = {4^^,4'^) doublet ac- 
quires a KK mass of 0(1/P), $1 = 0° (which electric charge is zero) have a massless mode, 
and thus can be assigned a vacuum expectation value (VEV) (we call its VEV u) to break 
the remaining gauge symmetry down to SM gauge symmetry. All the SU{2)l doublets is 
chosen to have VEVs in order to break SM gauge group and to give appropriate masses to 
fermions. If we denote the VEVs of neutral component of SU{2)l doublets, A2, A2 and 772 
as V, v' and w respectively, the scale of the VEVs are assumed to be 

M > v', w ~ O(IOO) GeV. (23) 

The sextet 77 is necessary in order to obtain acceptable masses for charged lepton in the 
case electron, positron and left-handed neutrino is in one SU{S)l triplet. The VEV in the 
neutral component of 773 gives a large majorana mass to left-handed neutrino, so that the 
VEV should be zero or extremely small. In the four dimensional theory, a fine tuning in 
the Higgs potential is needed to achieve this. In our model, if we choose the doublet 772 
has a massless mode, 773 automatically does not have a massless mode, and thus its neutral 
component will not have a VEV. This is a very nice feature of our orbifold breaking scenario. 
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3 Gauge Boson Masses 



The Frampton-Pleitez type 3-3-1 models have an upper bound for extra gauge bosons due 
to the evolution of gauge couplings. To see that, we first study matching condition of gauge 
couplings. 

The SU{3)l gauge symmetry is broken down to SU{2)l x U{1)x' by orbifold compacti- 
fication. The VEV of Higgs $ breaks remaining U{l)x' x U{l)x symmetry down to U{1)y 
symmetry. Then, the hypercharge is defined as 

Y = 2{V3T^ + XI), (24) 

and electric charge Q is defined as 

Q = T' + ^. (25) 

Here is the SU{3)l generator normalized as Tr (T"'T^) = 1/2 (5*^^, and / = diag(l, 1, 1). 
We define the covariant derivative for SU{3)l triplets as 

D^ = d^~ tgT'^W^ - tgxXIV^. (26) 

The IV^ and are the SU{3)l x U{1)x gauge fields. At this normalization, the coupling 
constant of U{1)y, Qy, is given as 

\ = ^ + ^. (27) 
9y 9x' 9x 

where gx' is a coupling constant for U{l)x'- At the unification scale for SU{3)l, we have 
the unification condition 

9x' = ^9- (28) 

Since the SU{3)l gauge symmetry is broken on the brane aX y = 7ri?/2 in our model, we can 
add the brane gauge interaction which breaks the unification condition of gauge couplings. 
However, we can neglect the correction of brane interaction if the cutoff scale is much larger 
than compactification scale . From this matching condition, we obtain the relation at the 
compactification scale Mc, 

g^ l-Asm'ew{M,y ^ ^ 

where the weak mixing angle is defined as tan^vK = gr/g- Therefore, siii^ 9w{Mc) has 
to be less than 1/4. This constraint sin^ 9w{Mc) < 1/4 demands an upper bound of the 
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Figure 1: Upper bound for compactification scale Mg. Solid line for ax{Mc) < oo. Dashed 
line for ax{Mc) < 47r. Dotted line for reference of Mc — Mr,. 

compactification scale. If we demands that the gauge coupling gx at M^. is less than N, we 
obtain the constraint as 

l-4sin^^H-(M,) ^ 

Some of the fermion such as new exotic quarks of this models decouple at the breaking scale 

of U{l)x X U{l)x'- We call the scale M/j. Assuming that Mc > Mr,, we obtain that the 
compactification scale is less than 4.4 TeV. We used the experimental data, a]^\j{Mz) = 
127.9 and sin^ 9]v = 0.2311 in the MS scheme. We plot the upper bound of Mc as a function 
of Md in the Fig.l. 

Let us see the mass spectra of this model. We denote the VEVs of the neutral component 
of Higgs fields, A2, A2, and 772 as u/\/2, v/V2, v'/\/2, and w/V2, respectively. Then 
charged gauged bosons acquire masses 

= + + + (n = 0,l,2,...), (31) 

M^. = l^V + ^^ + ^^)+(^)' (n=l,2,3,---), (32) 

M^.. = ^-g\u' + v" + w')+{^^^)' {n^ 1,2,3,. ■■). (33) 

For neutral gauge bosons, we can identify the photon field 7 and the massive bosons Z and 
Z' as follows. 

7 = sin OwW^ + cos 9w{\/3 tan 9wW^ + ^l-3tan2 OwV), (34) 
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Z = cosOwW^ -sin ew{V3 tan OwW^ + Jl- stance wV), (35) 



Z' = - 3 tan^ 9wW^ + V3tan 9wV. (36) 

In this basis, the mass squared matrix for and Z'^^^ (n = 0, 1, 2, ■ ■ ■) is given by 



■^(") " \ M|^, M|, I ' ^'^^^ 



with 



where the mixing angle is given by 

m 9/A = 



Assuming that u > v, v', w, we obtain 



Ml , 



The mixing angle have a range 



4 cos2 6w \ Rj 

2 1 2/ cos^^^y 2 , l-4sin2 0H'. 2 , /2 , 2n , Ssin^^vy ,2\ , /SnV 

M7, = -g — w H — (v + V + w H — + — 

^ 3^ Vl-^sin^^VK 4cos2^T4- ^ ' l-4sin2^VK / V i? / 

(39) 

2 1 2 \/l-4sin'giy 2 , 2 l + 2siiMy ,2\ ..n^ 

= — ^9-^^ TTT^ \v +w 9-7— "W - (40) 

4^3^ cos^^w^ V l-4sin2^w' / 

The mass eigenstates Zi and Z2 are 



Zi = cos^Z — sin0Z', (41) 
Z2 = sin0Z + COS0Z', (42) 



2M2 , ^ ^ 

tan20= ^^2 ^^2 - (43) 



M|^^M|(l-^0^), 0-^. (44) 



l + 2sin^gty ^ Vl-4sin^^H/M|^ 

v/3Vl-4sin2^H.^i " 



Note that while the bilepton gauge bosons, Y^^ and Y^, acquire masses at the compactifi- 
cation scale (see Eq. (|3^|33D , the extra neutral gauge boson, Z2 does not. Thus, Mz2 -C My. 
This is exactly opposite to the usual Higgs breaking of the four dimensional model in which 
Mz2 ^ My- Thus orbifold breaking naturally predicts a low scale extra Z' boson giving rise 
to interesting phenomenological implications as we will discuss later. 
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4 Fermions 



In our model, the SU (3) l gauge symmetry in five dimension is broken by the boundary 
conditions. At the boundary, y = 7ri?/2, the five dimensional gauge fields and Y"^"^ 
vanish. Thus, the orbifold fixed point y = ttR/2 does not respect the SU{3)l symmetry. 
When we include the fermions in the theory, we have two choices: the fermions can propagate 
into the bulk or they are localized at the 4D wall orbifold fixed points. 

We show two different anomaly-free fermion representations. The first anomaly free 
fermion contents are following 

C = (ea,^^a,e^r:(l,3*,0), (46) 
q, = {u,,d„D,f : (3,3,-^), = ids,Us,Tf : (3,3*,^), (47) 

<:(3*,1,-^), <:(3*,1,^), A^:(3M,^), T^(3*,l,-^), (48) 

where a = 1, 2, 3 is a family index and i = 1, 2 is related to two of the three families. 

The Di and T are additional quark which have exotic electric charges, —4/3 and 5/3, 
respectively. In this model, the anomaly is not canceled within each generation, but canceled 
among three generations by choosing that two of the three generations are (3, 3,-1/3) and 
the other one generation is (3, 3*, 2/3). There is an ambiguity which generation we assign 
the (3, 3*, 2/3) to. 

Since both electron and positron are in the same SU{3)l triplet, we need Higgs sextet to 
give the physically acceptable masses to charged leptons: otherwise the mass matrix becomes 
anti-symmetric giving rise to me = and = m^. We can consider other assignment for 
positron, that is, the positron is additional SU{3)l singlet (1, 1, 1) and e'^ component in the 
triplet i get large by adding £':(!, 1,-1). At this choice, we denote the multiplets as 

ia={ua,ea,E:f -.{1,3*, 0), 6^(1,1,1), : {1, 1 , -1) . (49) 

We can have another type of anomaly-free fermion set. 

4 = (z/„e„E-^)^: (1,3,-1), (1,1,1), (1,1,2), (50) 

2 1 

= (<ii,Ui,f/,)^ : (3,3*, -), gs = (us, 4, 5)^ : (3, 3, --), (51) 

<:(3*,1,-^), c^::(3*,l,^), t/^(3^1,^), 5^ (3*, 1, -^). (52) 
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Let us see the case that fermions are in the bulk. The bulk fermions have both chirality 
in the sense of four dimensional Weyl fermions. For example, for the lepton triplet, ^ = 
(e, e'^)^ : (1, 3*, 0), the fermions have Z2 x Z'2 charge as 

{e,u)L :{++), el :{+-), (e,z/)^:(— ), : (-+). (53) 

Only (e, 1^)1 has zero mode. We have to have one more lepton triplet such as 

{e\u% :{+-), ei' :(++), (e', z.')« : (-+), : (— ), (54) 

and there is a positron in the triplet. Since electron and positron are in the different multiplet 
in this case, we don't need Higgs sextet to construct a phenomenological viable charged lepton 
mass matrix. 

For the quark fields, we also need to make them doubled in the same way in order to 
cancel the brane-localized chiral anomaly |Tl[ . 



The most interesting feature of the bulk-fermion case, the lightest KK particles (LKP) 
become a candidate of dark matter, since the LKP become stable if all the particles are bulk 
fields. 



5 Phenomenological Implications 

In original 3-3-1 model, the VEV of Higgs field $ breaks SU{3)l x U{1)x down to SM 
gauge group directly. Thus, the mass of the neutral extra gauge boson, Z', is related to 
the masses of new charged gauge bosons, and Y^^. The charged gauge bosons' masses 
are constrained from collider experiments and muon decay. The constraint of the charged 
gauge boson pushes the lower bound of Z' boson mass to be larger than 0(1) TeV. In the 5 
dimensional 3-3-1 model, however, the SU{3)l x U{1)x symmetry cannot be broken down to 
SM directly. Therefore, there is no relation between the masses of new charged and neutral 
gauge bosons. As a result, the mass of Z' can be lower than 1 TeV, and hence its contribution 
to the low energy experiments can be significant. 

To see that, we first write out the interaction of Z' boson and fermions. The gauge 
interaction is given as 

^z') = -^z'^h, (g'df)^-^ + g'Rif)^-^) /• (55) 

cos (7w v / / / 
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The coupling coefficients are given as 



^L,ii(/) = ^-Tf + ^ / =^(/L,ii)- (56) 

2v3 V3a/i -4sin2^vi/ 



The couphng to the fermion with non-zero X charge is enhanced since the weak mixing 
angle is close to 1/4. 

In fact, experimental data for forward-backward asymmetry A^p'j^ and atomic parity 
violation have more than 2a discrepancy compared with SM prediction. If we assign the X 
charge of lepton multiplets to be zero, those predictions might be adjusted without changing 
the leptonic experimental data much. 

We ffist concentrate our discussion to atomic parity violation. The value of the atomic 
parity violation for Cs is 

Qh/(SM prediction) = -73.09 ± 0.03, (57) 
Qm/ (experiment) = -72.06 ± 0.28 ± 0.34. (58) 

We find the contribution of this 3-3-1 model as 

2 

5Qw ^ 157-1^- 9800-7302^ {Xq, = -), (59) 



5Qw ^ -45^ - 3000- 7302 _|i (Xq, = -^), (60) 



Ml ,M| , 1. 

- 3000 - 7302— 1^ 

where Xg^ is the X charge of the ffist generation of left-handed quarks. We can adjust the 
experimental data for the range Mz^ — 1 TeV and |0| ^ 10^^. 

Next we consider the nucleon-neutrino scattering. The contribution of gj^ and gj^ are 
following. For the case that X charge of lepton triplets, Xi, is 0, 

2 

6gl ~ -0.025-1^ + 0.06590 + 0.5902-1^ (Xq, = -), (61) 

M2 M2 1 

Sgl ^ 0.013^- 0.180 + 0.5902^ {Xq, = --), (62) 

M2 M2 

5gl ^ -0.059^ + 0.360 + 0.05802^. ^gg^ 



This correction is not enough to adjust NuTeV results ||T2| since we have a constraint of the 
Z-Z' mixing angle |0| <^ 10'^ from other experiments 
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For the case Xi = —1, 

2 

0.49^ + 1.90 + 0.5902^ (Xq, = -), (64) 

1 

-0.26^ + 1.70 + 0.5902^ (^Q. = -3), (65) 
1-14^ + 0.50 + 0.05802^. (66) 

Zi Z\ 

In this case, we can adjust the NuTeV experiment for the range Mz^ — 3 TeV and |0| ~ 10^^ 
with < 0. 

We now briefly discuss the coUider signals for this model. Since the Z' remains massless 
after the orbifold breaking of the symmetry, this scenario predicts a low scale Z' . In the 
original four dimensional model, Z' obtains mass at a scale higher than that of Y and thus 
Mz' S> My- The exactly opposite is true in our orbifold breaking scenario, and unlike the 
usual four dimensional model, the mass of Z' is not constrained from the low energy limit 
on the mass of Y . Such a low mass Z\ probably around a TeV or less, is likely to show up 
at the Tevatron Run2 and will be easily observed at the LHC. Another interesting signal is 
the production of Y^^ in association with exotic charged quark D in the hadronic collider 
via the process u ^ g ^ Y^^ + D [jl^. Y^^ will decay to t^t^ [I = e, /i, r), while D will 
decay to ui^i^. This will lead to a spectacular signal of four charged leptons in the final 
state with a peak in combination. Such a signal will be easily observed at the LHC for 
the mass range of Y and D predicted by our scenario. 



- 

Sgl - 



6 Conclusions 

We conclude summarizing our main results. We have considered the orbifold breaking of the 
3-3-1 model in the five dimension. The first stage of symmetry breaking, i.e. SU{3)l gauge 
symmetry to SU{2)l x U{1)x' is achieved via orbifold compactification to four dimension. 
The model has several distinguishing features from the usual four dimensional 3-3-1 model. 

First, in the context of the four dimensional 3-3-1 model, we expect new physics since 
the gauge coupling of U(l)x blows up around 4 TeV. TeV scale compactification is a good 
candidate as the new physics. In other words, this model is very compatible with TeV scale 
unification since it predicts that sin^ is less than 1/4 at unification scale. 

Next, orbifold construction of 3-3-1 model has an advantage to forbid the VEV of SU (2) l 
triplet. In the minimal choice of the fermion representation, the lepton doublet and positron 
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are included in one SU{3)l triplet i. In that case, we need the sextet Higgs, t], to give 
phenomenologically viable mass matrix of charged lepton. Then the Yukawa coupling iir] 
contains the majorana mass of neutrino, if the SU{2) l triplet in rj acquire VEV. Thus, we 
have to choose the Higgs potential to prohibit the unwanted VEV. Orbifold compactification 
gives mass of to the SU{2)l triplet component naturally, if the sextet r/ is a bulk Higgs. 

Finally, phenomenological point of view, the mass of extra neutral gauge boson Z' can be 
lower than 1 TeV in the orbifold breaking scenario. If the gauge symmetry SU{3)l x U{1)x 
is directly broken to SM gauge group, there is a rigid relation between the mass of bilepton 
gauge bosons and extra neutral gauge boson. We have a constraint for the mass of bileptons 
from muon decay or other experiments, which then lead to a constraint that the mass of 
Z' should be larger than 1.3 TeV. However, in the orbifold breaking scenario, we have two 
independent brekaing scale, that is compactification scale and the VEV of triplet Higgs, and 
thus, there is no relation between mass of the bileptons and Z'. In that case, the mass of 
Z' can be lower than 1 TeV, and is likely to be observed at the high energy collider such 
as Tevatron Run2 or LHC Such a Z' can also contribute the low energy neutral current 
experiments. In fact, this model gives interesting contribution to the atomic parity violation 
and nucleon-neutrino scattering. 
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